Sudden release of energy in explosion creates craters in granular media. In comparison with well-studied impact cratering in granular media, our understanding of explosion cratering is still primitive. Here, we study low-energy lab-scale explosion cratering in 3D granular media using controlled pulses of pressurized air. We identify four regimes of explosion cratering at different burial depths, which are associated with distinct explosion dynamics and result in different crater morphologies. We propose a general relation between the dynamics of granular flows and the surface structures of resulting craters. Moreover, we measure the diameter of explosion craters as a function of explosion pressures, durations and burial depths. We find that the size of craters is non-monotonic with increasing burial depths, reaching a maximum at an intermediate burial depth. In addition, the crater diameter shows a weak dependence on explosion pressures and durations at small burial depths. We construct a simple model to explain this finding. Finally, we explore the scaling relations of the size of explosion craters. Despite the huge difference in energy scales, we find that the diameter of explosion craters in our experiments follows the same cube root energy scaling as explosion cratering at high energies. We also discuss the dependence of rescaled crater sizes on the inertial numbers of granular flows. These results shed light onto the rich dynamics of 3D explosion cratering and provide new insights into the general physical principles governing granular cratering processes.
Introduction
Craters in granular media are ubiquitous in nature. Raindrop dimples on beach, 1-4 potholes in sedimentary bed 5, 6 and volcanic craters and asteroid impact craters in various planetary bodies 7, 8 are a few examples of granular craters across widely different length and energy scales. Understanding the process of granular cratering is important not only for the fundamental geological research but also for various technical applications such as spraying coating of powders and grains, 9 the design of explosives 10 and the manufacture of shock and energy dampening devices in automotive and aerospace industries. 11 Explosion and impact are by far the two most common ways to create craters in granular media. Indeed, when Robert Hooke discussed the origin of craters on the Moon in his famous book Micrographia, 12 he first proposed impact as the possible origin, then rejected his own hypothesis and suggested the explosion of rising subterranean bubbles as the origin of lunar craters. In spite of the mistake, we still acknowledge Hooke as the first person who elucidated the true origin of planetary craters today. 7 The relation between explosion cratering and impact cratering is profound and has been explored at highenergy scales in planetary science. 7, 13 At high energies associated with hypervelocity impacts of asteroids, the so-called impact-explosion analogy has been proposed, where a hypervelocity impact moving more than a few kilometers per second is quantitatively likened to an explosion of comparable energy at a certain empirically derived burial depth. 7, 14 The analogy greatly facilitates the study of asteroid impact cratering using high-energy explosions such as those from nuclear weapons tests. 15, 16 At low energy scales, although impact cratering has been extensively investigated in granular physics, [17] [18] [19] the study of low-energy explosion cratering is still few and far between. Most of the existing lab-scale experiments focused on twodimensional (2D) systems and/or near-surface explosions for the convenience of imaging. 20, 21 Pacheco-Vazquez and co-workers investigated near-surface explosions using firecrackers, where they compared the morphology of explosion craters with that of impact craters. 20 In particular, they found that the diameter of explosion craters follows a power-law scaling with explosion energy as E 0.3 . The Pacheco-Vazquez group also studied three-dimensional (3D) granular cratering induced by the collapse of underground cavities. 22 They showed that the crater size depends solely on the volume of cavities and furthermore investigated the dynamics of the resulting granular jets. Energy scaling was not reported in this study. Our own previous work focused on explosion cratering in quasi-2D granular bed. 21 We identified different regimes of explosion cratering, where different energy scaling rules were discovered. A 1/3 scaling similar to that in Ref. 20 is found in the so-called bubbling regime. More recently, Marston and Pacheco-Vazquez studied granular cratering induced by pulsed laser ablation on the surface of granular bed. 23 Millimetric craters formed in the ablation process shows a range of energy-scaling exponents from 0.31 up to 0.43, depending on the properties of granular particles.
Although these pioneering studies have started to reveal the rich dynamics of low-energy explosion cratering, many important aspects of cratering processes remain unexplored. Particularly, explosion cratering in 3D granular media at varying burial depths-a key control parameter of explosion-has not been studied. In this study, we investigate explosion cratering in 3D granular media induced by wellcontrolled pulses of pressurized air. We systematically explore explosion dynamics and the morphology of explosion craters as a function of explosion pressures, durations and burial depths. Four different explosion regimes are identified in our experiments, which exhibit different cratering dynamics and crater morphologies. Based on the observation across different regimes, we generalize a relation between the dynamics of granular flows and the surface morphologies of resulting craters, applicable to both explosion and impact granular cratering. We further analyze the diameters of explosion craters, which show a nonmonotonic dependence on burial depths. A maximal crater occurs at an optimal intermediate burial depth. At shallow burial depths, we reveal a geometric origin of the size of craters. We also investigate the scaling relations of crater morphology, in particular the energy scaling of crater sizes, via dimensional analyses. We find that the diameter of granular craters follows the 1/3 scaling with explosion energy, similar to that discovered in high-energy explosions, but different from the familiar 1/4 energy scaling of low-energy impact cratering. These results provide a quantitative understanding of explosion cratering in 3D systems and extend our knowledge on the energy scaling of general granular cratering processes. Our study also supports the derivation of the explosion energy of pulsed pressurized gases in granular media and serves as the first step to seek the relation between impact cratering and explosion cratering in the low-energy regime.
Experiments
The major component of our experimental setup is a transparent cylindrical polyethylene terephthalate (PET) container of an inner diameter of 13.9 cm and a height of 29.7 cm (Fig. 1) . The inner wall of the container is coated with anti-static spray to avoid the accumulation of electrostatic charges on granular particles. We design an automatic air jetting system, which can deliver short pulses of high-pressure air over controlled time intervals. The opening of the jetting system is a stainless steel nozzle with an inner diameter of 0.56 mm. Supported by a T-shaped stand, the nozzle points vertically upward against gravity and is centered 20.8 cm below the top of the container. A fine Nylon mesh of a nominal sieve opening of 75 μm is glued to the opening to prevent the falling of granular particles into the nozzle. The nozzle is further connected to a compressed-air tank via a fast-response solenoid valve (Parker Hannifin Series 99). The valve opening time, τ, can be finely controlled by a function generator via a custom Matlab program. Since the volume of the tank is much larger than the total volume of air pulses used in our experiments, the explosion pressure, P, can be treated as a constant in a given explosion event, which is set by the pressure in the tank. We vary P between 2.1 × 10 6 Pa and 8.3 × 10 6 Pa in our experiments and fix τ = 20 ms unless stated otherwise. Sodalime glass beads of mean diameter of 90 μm are used as our granular particles (Mo-Sci Corporation, Class IV Microspheres). The polydispersity of the particles is under 17% from direct measurements. The granular particles are filled to a controlled height d above the opening of the nozzle, which gives the burial depth of explosions. We vary d between 0 and 125 mm in our experiments. An adjustable leveler is used to flatten the surface of granular bed before each experiments. Finally, a high-speed camera (Photron SA-X2) is positioned in front of the container to image the dynamics of explosion at the frame rate of 1000 frames per second. The camera is synchronized with the open of the valve through an electrical trigger signal.
In a typical experiment, an explosion is triggered in a granular bed. Triggered by the same signal, the highspeed camera takes the images of the cratering process simultaneously ( Fig. 2 ). After explosion, an approximately circular crater forms on the surface of the granular bed ( Fig. 3 ). To determine the size of the resulting crater, we illuminate the crater with a shallow light beam about 10° above the flat granular surface. Such a small angle highlights the rising rim of the crater. A high-resolution static image is then taken by a separate camera. The average diameter of the crater is obtained by fitting the crater with a circle using the Fiji software. For craters with clear rims, the fitting circles align with the peak of the rims. For craters without rims, crater diameters are determined by the locations where deformations from the flat surface can be observed. Naturally, the diameter of craters without rims is subject to relatively larger measurement errors. After each measurement, we remove the top layer of granular bed and thoroughly stir the entire bed manually. Finally, after adjusting the amount of granular particles and the height of the leveler to the intended burial depth, we sweep the leveler across the bed multiple times, so that the initial surface is flat above the explosion site and normal to the direction of gravity.
Results and discussion

Explosion dynamics
The dynamics of explosion cratering in 3D granular media are richer and more complicated than that of 2D explosion cratering. 21 We identify four different explosion-cratering regimes at different burial depths d in our experiments, which we shall discuss below in the sequence of increasing d with a fixed explosion pressure P = 4.1 × 10 6 Pa and an explosion duration τ = 20 ms.
(i) Shallow air-blow regime. When d is below 5 mm, the granular layer above the explosion site is shallow. Upon the open of the valve, particles above the nozzle are immediately carried away by the strong air flow escaping the nozzle and scatter randomly over a large area of the surface of granular bed ( Fig. 2a ). Moving ballistically, the particles do not form a clear granular corolla, typically observed in explosion cratering at deeper burial depths and in impact cratering. 24 The resulting craters are small with a smooth conical wall without rims (Fig. 3a) . The dynamics of explosion in this regime are dominated by the kinetic energy of the air pulse as we shall discuss below in Sec. 3.3.
(ii) Eruption regime. When d is above 10 mm and below ~ 55 mm, eruption cratering similar to that of 2D explosion cratering is observed (Fig. 2b ). In this regime, particles expelled by the explosion move collectively and form a clear granular corolla with a well-defined boundary. The wall of the corolla forms an acute angle with the surface of granular bed at small d ( Fig. 2b ), which approaches 90° towards the end of the eruption regime at larger d. Thanks to the expansion of the corolla, which pushes particles sideways away from the explosion site along the surface of granular bed, pronounced rim can be observed around explosion craters (Fig. 3b ). The falling of corolla partially fills the outer region of the crater near the rim. The crater in this regime has a shallow depth and does not possess a smooth conical shape. When d is above 25 mm, a granular jet can be observed in the middle of the falling granular corolla (Fig. 2c ). The jet forms due to the collapse of the cavity created by the explosion. 22, [25] [26] [27] [28] [29] Without the confining walls, the jet is much stronger than that formed in 2D explosion. 21 The falling of the jet gives rise to an irregular hump at the center of the crater (Fig. 3c ). When d is above 40 mm, the time it takes for the surface first shows deformation becomes comparable to the explosion duration ( Fig. 4 ). Eruption gradually transitions to bubbling as we shall discuss next. In the eruption regime, the expansion of pressurized air quantified by the internal energy of the air pulse assumes the leading role in controlling the dynamics of explosion (Sec. 3.3).
(iii) Bubbling regime. As expected from the study of 2D explosion, 21 at even larger d, bubbling cratering replaces eruption cratering. Nevertheless, the transition between the two regimes is gradual. For d between 40 mm and 55 mm, cratering dynamics show a mixed feature of eruption and bubbling ( Fig. 2c ). A granular dome first forms above the granular bed similar to the bubbling explosion as discussed below. Then an eruption occurs on the top of the dome and forms a granular corolla with an almost vertical wall. The falling of the vertical granular corolla creates thick rims around the crater, whereas the falling of the granular jet gives rise to the central hump in the crater (Fig. 3c ). Above 55 mm, a clear bubbling behavior can be identified ( Fig. 2d ): because of the deep burial depth, the valve closes before the bubble containing highpressure air reaches the surface of granular bed. The underground bubble then rises to the surface and pushes the granular bed into a dome-like structure. The bubble, as well as the dome, finally collapses without eruption and leaves an explosion crater in the granular bed. Although without eruption a granular corolla cannot be observed, a thin granular jet still forms due to the collapse of the bubble. A weak but sharp rim is formed around the crater from the collapse of the bubble (Fig. 3d ). The falling of the thin jet results in a small hump in the center of the crater. As d increases, crater size decreases in the bubbling regime.
(iv) Sink-in regime. At large d above 65 mm, the surface deformation of granular bed is significantly delayed compared to explosion duration (Fig. 4) . The surface of the bed bulges upward slightly and then sinks back, leaving a caved-in crater ( Fig. 2e) . In contrast to the bubbling regime, the top surface of the bulged bed does not rupture. A granular jet cannot be observed. Hence, the resulting crater in this regime is symmetric and smooth without a central hump or a surrounding rim ( Fig. 3e ). At even larger d above 80 mm, due to the high hydrostatic pressure of granular bed, the underground bubbles created by explosion cannot obviously deform the surface. Pressurized air breaks into small bubbles and diffuses through the interstices between particles. Craters do not form at such a deep burial depth.
The four explosion regimes can be also observed at other explosion pressures. Figure 5 shows the phase diagram of different explosion regimes at different P. The boundaries of different regimes are approximately linear. With increasing P, the transitions between different regimes shift to higher burial depths. The regime of eruption cratering becomes wider at higher P across a larger range of d.
Across different regimes, we find that the formation of granular corollas results in pronounced thick rims around explosion craters, whereas the falling of granular jets gives rise to irregular humps at the center of explosion craters. The volume of the humps correlates with the size of the jets. These general observations between the dynamics of granular flows and the surface structures of resulting craters should also apply to granular impact cratering.
Crater diameter
We measure the diameter of explosion craters, D, at different explosion regimes. Figure 6 shows D as a function of burial depth d at different explosion pressures P and duration times τ. The crater size increases with d in the air-blow and eruption regime and decreases in the bubbling and sink-in regime. An optimal burial depth near the transition between the eruption and the bubbling regime can be observed, which gives the largest crater diameter at a given P and τ. The optimal d increases with increasing P and τ. Note that the nozzle in our experiments points upwards again gravity. It is likely that D(d) for nozzles pointing to different directions show quantitatively different results. Nevertheless, we expect that the non-monotonic trend of D(d) is robust and independent of the direction of the nozzle.
Interestingly, for small d, D(d) collapses into a master curve, showing an approximately linear relation with only weak dependences on τ and P. Such a universal relation indicates a geometric origin of the size of explosion craters at small d. We propose a simple model here to explain this interesting observation. Direct imaging from 2D explosion indicates that when the valve is open, an underground bubble containing pressurized air is formed. 21 The bubble first grows radially and isotropically at short times and then elongates faster upward towards the surface of the granular bed, resulting in an oval bubble at later times ( Fig. 7) . Once the top of the bubble breaks through the surface of the bed, a shortcut between the nozzle and the ambient air establishes. From this breaking moment onward, the pressurized air would go directly from the nozzle to the atmosphere without further pushing on the granular bed sideways. Hence, a longer τ beyond the breaking moment would not affect the size of craters any further, leading to the weak dependence on τ at small d. Furthermore, the width of the bubble reaches maximum at the breaking moment, which directly determines the diameter of the resulting crater. Note that at larger d, the valve is close before the bubble reaches the surface of the bed. Hence, the argument above cannot be applied at large d.
Quantitatively, we approximate the speed of the expansion of the bubble using the local flux of the pressurized air. 30, 31 Within the pressure range of our experiments, the Reynolds number (Re) of the air flow in the granular bed ranges from 500 up to 2000 at a typical burial depth of 30 mm (Appendix A), which is in the laminar-turbulent transition regime. The velocity of the air flux can be calculated using the Ergun equation, 32 ,
(
where and .
Here, D p = 90 μm is the mean particle diameter and ε = 0.4 is the void fraction. η = 1.81 × 10 -5 Paꞏs is the viscosity of air at room temperature. ΔP = P -P 0 is the pressure difference between the pressurized air and the ambient atmospheric pressure P 0 , which is constant for a given explosion event. We estimate the density of air, ρ, at the arithmetic mean of the pressures (P + P 0 )/2. r indicates the radial position of the boundary of the bubble, where the origin is set at the opening of the nozzle with the positive x pointing to the right and the positive y pointing upward against gravity (Fig. 7) . h is the depth of the bed at the position r. With h = d, the propagation speed of the bubble along the horizontal (x) direction is constant (Fig. 7) . Thus, the half width of the bubble at the breaking point is
Within the pressure range of our experiments, (βΔP/d) 1/2 ≫ α. We can approximate Eq. (2) as
which is independent of P and τ. Indeed, numerically solving Eq. (2), we find w = 0.66d, showing a very weak dependence on P and independent of τ. The diameter of the crater can then be estimated as D = 2w. Hence, D is linearly proportional to the burial depth following D ≈ 1.32d, qualitatively agreeing with the experiments (Fig. 6 ). Physically, although a higher explosion pressure leads to a faster propagation of the bubble along the horizontal direction, the bubble also breaks sooner and therefore gives a shorter propagation time. The two competing effects cancel out. As a result, the maximal bubble width and therefore the crater diameter depend only on the geometric factor d and is independent of P. We should emphasize that the linear relation between D and d also holds for air flows in the laminar regime at low Re and in the highly turbulent regime at very high Re (Appendix A). The quantitative deviation between the model prediction and the experiments probably arises from the loose packing of granular particles near the bed surface. Particles near the surface are blown away by the strong air flow in open air, which gives nonzero D even for surface explosion with d = 0. Such an effect is not considered in our simple model of densely packed bed. In addition, the avalanche of crater walls and the refill of craters by granular corollas and jets towards the end of explosion processes also reconstruct explosion craters and modify D(d). 24,33
Crater size scaling
As the most important characteristics of granular cratering processes, the scaling of crater size with cratering energy has always been the focus of previous studies. 17, 18 For the impact of solid spheres at low energy, the diameter of impact craters follows D ~ E 1/4 , where D is the diameter of craters and E is impact energy. 34, 35 For the impact of liquid drops, smaller exponents between 1/6 and 1/4 have been reported. 2, 4, 36 For highenergy explosion cratering, the size of craters follows the energy scaling D ~ E 1/3 , 37,38 although a modified scaling of D ~ E 1/3.4 has also been suggested. 7 In general, with a selection of independent variables related to the material properties of explosives and granular media, a simple dimensional analysis shows that the size of explosion craters is bounded by the 1/3 and 1/4 scaling rules. 37 The analysis also shows that if the 1/3 scaling holds, the size of craters should be independent of the gravitational acceleration g. At low energy, explosion cratering near surface or in quasi-2D granular bed shows various different scaling rules, [20] [21] [22] [23] as discussed in the introduction. It is important to examine how the scaling depends on the dimensionality and the burial depth of explosion events.
We study the energy scaling of explosion craters in 3D experiments with different burial depths at low explosion energy. To calculate the explosion energy E, we need to consider the dynamics of high-pressure gas flowing out of a large vessel through a narrow nozzle. Landau and Lifshitz have discussed this problem in their renowned courses of theoretical physics (Sec. 97 in Ref. 39 ). The velocity of the air flux existing the nozzle is given by
where γ = 1.4 is the adiabatic index of air at room temperature T = 300 K and P is the pressure in the vessel. Landau and Lifshitz further showed that the pressure drop in the nozzle cannot be greater than * , where * is the critical pressure * 0.53 . for air at room temperature. If the external pressure outside the nozzle is smaller than * , the pressure of the air at the opening of the nozzle is fixed at * . Since the air pressure in our granular bed before explosion is the atmospheric pressure P 0 with ≪ * , the pressure at the exit of the nozzle is fixed at * in our study. We have experimentally verified this prediction in our setup in the previous study. 21 The energy of a pressurized air pulse is composed of two parts, i.e., the kinetic energy of the air pulse existing the nozzle, K, and the internal energy of the air pulse, U. We calculate K simply by , where m is the total mass of the air pulse going through the nozzle during explosion, .
Here, A = 0.25 mm 2 is the cross-section area of the opening of the nozzle. We compute the density of air / from the ideal gas law with the molar mass of air M = 29 g/mol and the ideal gas constant R = 8.314 J/(Kꞏmol).
We calculate the internal energy of the pressurized air pulse, U, based on its mechanical PV work. 21 From Eq. (3), the total volume of the pressurized air when leaving the nozzle is * * , where P* is the critical pressure at the exit of the nozzle. We assume that the fast explosion is an adiabatic process, where the air pulse of volume * at pressure * expands into volume V 0 at the atmospheric pressure P 0 . V 0 is thus given by * * / .
The internal energy of the air pulse can then be calculated from the mechanical work of the expansion, d * * * * d * * * .
(4)
Within the pressure range of our experiments, we find that K is at most 20% of U. Hence, explosion cratering is dominant by the internal energy and, therefore, the expansion of the pressurized air. The kinetic energy plays the leading role only in the shallow air-blow regime, where the expansion of the air pulse is far from complete when reaching the surface of the granular bed. To construct a minimal model with the dominant factor, we approximate the explosion energy E by the internal energy alone,
This approximation is validated by the good collapse of energy-scaled data shown in Fig. 8 . Having the nozzle point sideways or even downwards can further reduce the influence of kinetic energy on cratering dynamics. The energy of our explosions is between 2.5 J and 18 J from Eq. (5) . In comparison, the potential energy of a single particle over a typical burial depth d = 40 mm is 3.7 × 10 -10 J.
Studies at high explosion energies above 5 × 10 8 J showed that the diameter of explosion craters follows a 1/3 scaling, D ~ E 1/3 . 7, 15 The scaling holds for explosions at similar depths, i.e., at depths scaled according to the same 1/3 scaling rule. Motivated by this previous finding, we plot D/E 1/3 versus d/E 1/3 for explosion craters of our low-energy explosions (Fig. 8) . Surprisingly, although there are more than seven orders of magnitude difference in energy scales, the 1/3 scaling rule still applies in our experiments and leads to a good collapse of data. The result suggests that both the optimal burial depth and the maximal size of explosion craters scale with the explosion energy as ~ E 1/3 . The collapse of the data justifies the derivation of the explosion energy of pressurized air pulses (Eq. (5)). The scaling rule in 3D granular media is different from that observed in explosion in quasi-2D granular media, where the 1/3 scaling rule applies only in the bubbling regime but fails in the eruption regime. 21 The result is consistent with the E 0.3 scaling found in the previous study of near-surface explosions at d = 0. 20 Note that the self-similar depth d/E 1/3 is independent of E when d = 0. The scaling is in sharp contrast to the 1/4 scaling rule of low-energy impact cratering. Based on a simple energy argument, if the cratering energy E is all converted to the potential energy of granular particles in the crater ρ g L 3 gL, where L is the linear dimension of the crater and ρ g is the density of granular particles, then L ~ E 1/4 .
Finally, we also attempt to rescale the crater diameter directly using dimensional analysis. The relevant physical quantities in our cratering processes include the explosion pressure P, the duration time τ, the burial depth d, the density of air ρ a , the cross-section area of the nozzle A, the density of granular particles ρ g , the size of granular particles a and the gravitational acceleration g. The Π-theorem dictates that the number of dimensionless groups is equal to the total number of governing parameters minus the number of governing parameters with independent dimensions. 40 Thus, we should have six dimensionless groups, which can be written in a scaling relation as:
The ratio a 2 /A = 0.03 is a constant in our experiments. Since ρ a << ρ g , we can ignore the dependence of ρ a /ρ g . ρ g = 2.52 g/cm 3 for soda-lime glass beads. Similarly, a << d for our experiments with d ≥ 5 mm. Thus, we can also ignore the ratio a/d in the relation too. The second dimensionless group, I p ≡ a/τ(gd) 1/2 , can be seen as the inertial number of granular flows, / , where the pressure on granular particles is provided by the hydrostatic pressure p = ρ g gd and the rate of strain 1/ . 41 A fast deformation of granular bed occurs at early times when the valve is open over a time interval of τ (see Fig. 7 ). Thus, 1/τ gives the rate of deformation of granular bed, which is equivalent to the average strain-rate on granular particles at the early times of the explosion process. The momentum/energy transferred to the deformed bed in this process determines the behavior of granular flows and eventually the morphology of granular craters. I p is between 0.002 and 0.02, depending on d and τ chosen in our experiments. This range of I p suggests that the granular flows in the cratering progress are in the dense-flow regime. 42 Lastly, the first term, I s ≡ d/τ(P/ρ g ) 1/2 , has the same structure as the inertial number. Here, the length scale is provided by the burial depth instead of the particle size and the pressure is given by the explosion pressure instead of the hydrostatic pressure. I s ranges from 0.003 to 0.1 in our study.
To simplify the scaling relation further, we recall the conclusion from the previous dimensional analysis of explosion cratering by explosives, 37 where it was found that the 1/3 energy scaling shown in Fig. 7 excludes the dependence on g. Thus, we first assume that the rescaled diameter is independent of I p . A simple scaling relation is then obtained:
At a fixed τ = 20 ms, Eq. (6) provides an excellent scaling relation to collapse our experimental results (Fig.  9a ). However, this simple scaling relation is less satisfying for data at different τ. Including the small yet non-zero inertial number allows a better collapse (Fig. 9b ). The final scaling relation follows , ≡ ,
where the power exponents are α = -1.7 and β = 1. A kink in the scaling relation can be observed around = 25, which corresponds to the transition between the air-blow and the eruption regime. Thus, the result further supports the classification of different explosion regimes based on high-speed photography and the morphology of explosion craters.
Conclusion
We studied explosion cratering in 3D granular media. Low-energy explosions were generated in our lab using short pulses of pressurized air with controlled pressures and duration times. We analyzed explosion cratering dynamics and the morphology of the resulting craters at different burial depths. Four different explosion regimes, i.e., the air-blow, eruption, bubbling and sink-in regime, were identified when we increased the burial depth of explosion. A phase diagram of the four regimes was then drawn as a function of explosion pressures and burial depths. A general relation between the dynamics of granular flows and the surface morphologies of resulting craters is discussed. Moreover, we also measured the diameters of explosion craters, which shows a non-monotonic dependence on burial depths. An explosion crater reaches its maximum at an optimal intermediate burial depth, which increases with both explosion pressures and durations. In contrast, crater diameters are independent of explosion pressures and durations at small burial depths. Such an unexpected finding was explained by a simple model of bubble expansion. Finally, we also studied the energy scaling of crater sizes based on the energy formula of pressurized air pulses derived previously. Crater diameters show a cube-root scaling with explosion energy at similar burial depths. The same scaling rule also holds for high-energy explosions despite the more than seven orders of magnitude difference in energy scales. Using dimensional analysis, we also discussed the scaling relation between the rescaled crater diameter and the inertial number of granular flows. As such, our experiments illustrate the rich dynamics of explosion cratering in 3D granular media and reveal the universality of the energy scaling rule of explosion cratering over a wide range of explosion energies. The work paves the way for studying the analogy between explosion cratering and impact cratering at low-energy scales.
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We estimate Re by calculating V 0 in each regime and checking the consistency of Re. With a typical burial depth h = d = 30 mm and the pressure range between 2.1 × 10 6 Pa and 8.3 × 10 6 Pa, V 0 is on the order of 5 m/s, which gives Re in the range of 500 to 2000. Thus, the air flows in our experiments are in the transition regime described by the Ergun equation. Note that we estimate the density of air at the arithmetic mean of the pressures (P + P 0 )/2, where P is the pressure in the reservoir and P 0 is the atmospheric pressure. The pressure difference is ΔP = P -P 0 . To be more accurate, we should use the pressure at the exit of the narrow nozzle, which is fixed at 0.53P based on the Landau's theory discussed in the main text. 39 Nevertheless, since the half-width of the bubble is independent of pressure in the pressure range of our experiments, the conclusion of our model does not change when we use 0.53P instead of P.
The linear relation between D and d is obtained in both the laminar regime and the highly turbulent regime. At low Re in the laminar regime, dr/dt (= V 0 ) is proportional to the pressure gradient ΔP/h from Darcy's law (Eq. (8) ). The same analysis used in the main text leads to w = d/2 and D = d, independent of τ and P. At very high Re in the highly turbulent regime, dr/dt is proportional to (ΔP/h) 1/2 from the Burke-Plummer equation (Eq. (9) ). The analysis gives a linear relation w = 2d/3 and D = 4d/3, independent of τ and P, as shown in the main text. Fig. 1 Schematic of the experimental setup. The schematic is not in scale. The dimensions are stated in the text. 
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